Abstract. Human recombinant lysozymes (rHLZs), particularly hen egg-white lysozyme (HEL), are promising agents for the treatment of diseases such as cancer. However, in a similar but improved fashion to what has already been demonstrated using HEL, the PEGylation of an rHLZ leads to a new drug that appears to protect against spontaneous lung metastasis development in mice bearing mammary carcinoma (MCa). The oral administration of 25-100 mg/kg/day of rHLZ-PEG (HEL-equivalent dose) to CBA female mice, admixed with daily food for 14 consecutive days, significantly reduced the growth of the primary tumour by up to 30% and of lung metastasis weight by up to 95%, as compared to the untreated controls. An anti-metastatic effect significantly higher than that of uncoupled rHLZ was also confirmed in MCa-carrying animals immunosuppressed by cyclophosphamide or cyclosporine. This is of note if one takes into consideration the fact that virtually all chemotherapeutic regimens can cause immune system depression, with a consequent limitation of the dosage and effectiveness of anti-tumour treatments.
Introduction
Lysozyme (LZ), in particular hen egg-white lysozyme (HEL), is endowed with a number of biological properties, including anti-tumour and anti-metastatic activity (1) (2) (3) . There is evidence to support the theory that the moderate LZ-induced reduction of tumours and the much more pronounced reduction of metastasis in models of rodent transplantable tumours are not associated with direct action on tumour cells, but are rather related to the elicitation of unspecific responses in the host (2, 4, 5) . Additionally, in combination with cisplatin or 5-fluorouracil, HEL has exhibited an immunoadjuvant and therapeutically synergic action in pre-clinical models (1, 6) . This fact has interesting implications, considering that virtually all chemotherapeutic regimens can cause a degree of immune system depression, limiting the applicable doses and the effectiveness of anti-cancer treatments (7-9). As well, tumours themselves produce a number of factors (i.e., cytokines) which may directly or indirectly inhibit immune response, blinding the immune system of the host to the presence of abnormal antigens and hampering immunotherapy (10, 11) . Human LZ (HLZ) is one of the major anti-microbial proteins present in milk. Recently, its recombinant form (rHLZ) has started to be used as a protein model in biological studies (12) . Previous results in a mouse model of solid metastatic tumour have shown that a PEGylated HEL is significantly more effective against the formation of metastases than native non-PEGylated HEL (13) . It is well know that, among the processes used to increase the volume of the active molecule by slowing down renal filtration and increasing residence time in circulation, polyethylene glycol PEGylation is the most widely employed technology, increasing the clearance half-life time and the stability of drugs (14) . The aim of the present study was to study in vivo the effects of the oral administration of a novel rHLZ (15) and its PEGylated form (rHLZ-PEG) (16) on tumour growth and metastasis development in mammary carcinoma (MCa)-bearing CBA mice (17). The effect of rHLZ-PEG was compared to that of HEL and of non-conjugated rHLZ. Furthermore, the anti-tumour and anti-metastatic effectiveness of rHLZ-PEG was evaluated in animals treated with conventional immunosuppressing doses of cyclosporine (CsA) or cyclophosphamide (CF).
Materials and methods
Drugs and doses. HEL (SPA, Milan; MW=14,400) was administered at a dose of 100 mg/kg per day, a dosage which has been proven as effective in a previous test (18) . rHLZ (MW=16,537) and rHLZ-PEG (MW=34,520) were provided by Therapicon Srl (Milan, Italy). rHLZ was administered at HEL-equivalent doses of 25, 50 and 100 mg/kg per day. rHLZ-PEG was administered at doses equimolar to those of rHLZ. All compounds were administered orally with daily food (a medicated powdered food containing the daily dose of each compound tested) for 14 Solid tumour model. The murine MCa line used in the present study was derived from a spontaneous solid tumour in CBA female mice, subsequently isolated and stabilised at the Rudjer Boskovic Institute (Zagreb, Croatia) (17). The cell line is currently in use at the Callerio Foundation Onlus, where it is stored in cryogenic tanks with liquid nitrogen, in cryogenic vials containing 10 7 viable cells of a single-cell suspension obtained from primary tumours at the third transplant generation. The tumour was resuscitated in vivo by intramuscular (i.m.) implantation of the contents of one vial of MCa cells taken from the cryogenic tank into the calf of the left hind leg of CBA female mice. After 14 days, the tumours of two mice (~2 g of tumour mass) were harvested from the legs under sterile conditions (animals were sacrificed by cervical dislocation, the area of tumour growth was disinfected with an appropriate solution and animals were placed under a sterile box). A single-cell suspension was prepared: harvested tumors were pooled, minced with scissors, diluted with Dulbecco's phosphate-buffered saline (pH 7.4) containing Ca +2 and Mg
+2
(PBS) and filtered with a double layer of sterile gauze to remove tissue debris. The cell suspension was then centrifuged at 250 x g at 0-4˚C for 10 min. The supernatant was discarded while the pellet was re-suspended in an equal volume of PBS, and cell concentration and viability were determined by the trypan blue exclusion test with a Bürker's camera. Viable cells were finally diluted with PBS to the appropriate concentration required for implantation into the experimental animals, then re-implanted into four CBA female mice that constituted the donors for tumour propagation for experimental purposes.
Experimental protocol. Primary tumours were obtained by i.m. implantation of 10 6 viable tumour cells into the calf of the left hind leg on day 0. After tumour implantation, mice were randomly assigned to test groups of eight mice each. Primary tumour growth was evaluated with a calliper on days 7, 9, 11, 13, 15 and 18 by measuring two orthogonal axes, and tumour weight was calculated using the formula: (π/6) x a 2 x b, where a and b are the minor and major perpendicular axes, respectively. Data were then statistically analysed using the StudentNewmann-Keuls test. The number of lung metastases was evaluated on day 20 by counting the metastatic nodules per lung lobe under a low-power stereo microscope equipped with a graduated grid. The weight of the metastases was determined using the above formula.
Results
Primary tumour growth was reduced by rHLZ-PEG in a manner similar to growth reduction brought about by HEL, the standard used for reference. This reduction was also statistically significant at the lowest dose of rHLZ-PEG, of 25 mg/kg/day (Fig. 1) . Lung metastases were reduced more significantly by rHLZ-PEG than by the corresponding unPEGylated molecule (Table I) . Taken as a whole, the results obtained using rHLZ-PEG indicate an average reduction in metastasis number and weight of 48 and 85%, respectively, as compared to the untreated controls (un-PEGylated rHLZ, 29 and 78%; HEL, 18 and 40%). rHLZ and rHLZ-PEG also significantly reduced lung metastasis formation in mice immunosuppressed with CF or CsA (Table II) . Even when the schedule of CsA adopted for animal immuno-suppression significantly reduced metastasis formation per se, rHLZ-PEG further reduced the number and weight of lung metastases by an order of magnitude, independently of the immunosuppressor agent being used.
Discussion
Taken together, the data show the effectiveness of the oral administration of rHLZ coupled with PEG in controlling tumour and, in particular, metastasic growth in mouse MCa. Tumour and metastasis reduction after rHLZ-PEG administration occurred at HEL equivalent doses of 100 mg/kg/day, and also at two lower doses, showing a potency superior to that reported using PEGylated HEL in the same tumour model (13) . Again similarly to past reports on HEL, rHLZ was equivalently or even more effective after PEGylation than in its uncoupled form. More notably, rHLZ-PEG is markedly effective in mice strongly immunosuppressed by CF or CsA. This indicates that rHLZ-PEG is capable of inhibiting metastatic growth, and that it plays a role in circumventing the effects of immunosuppression in treated animals. Considering that chemotherapy-induced immune system depression is often a dose-limiting major side effect of chemotherapeutic regimens, it could be argued that rHLZ-PEG would be beneficial in chemotherapeutic regimens by way of increasing the antitumour effects of anti-cancer drugs. Such synergic activity has already been demonstrated using HEL and a couple of antitumour drugs (1, 6) . The physical and chemical changes induced by PEGylation are known to increase many of the properties of the pharmacological behavior of the compound, such as the systemic retention of drugs, binding affinity and absorption and distribution patterns. We have previously reported that PEGylated HEL (HEL-PEG) is capable of reducing the number of ICAM-1+ and E-cadherin+ cells of the TS/A adenocarcinoma cell line in vitro, and to markedly prevent the formation of lung metastases in vivo in Balb/c and CBA mice models bearing i.m. implants of TS/A and MCa cells, respectively (13, 22) . PEGylation might therefore confer new pharmacological properties to LZ, besides those related to its antibacterial activity and the modulation of host immunoresponses, such as the capacity to modify the ability of tumour cells to invade and metastasise. Indeed, it is known that ICAM-1 and Table I . Effect of different lysozymes on lung metastases. - Table II . Effect of treatment on lung metastases in immunosuppressed mice. 
Animals were sacrificed on day 20 and lung metastases were counted and measured. Each value is the mean ± SE obtained from groups of eight mice. Statistical differences: means with the same letter are statistically different; Statistical significance: a p<0.05; b,c,f p<0.01; d,e p<0.001.
-
E-cadherin are key regulators of the steps of tumour cell invasion, due to their role in cell-cell contacts (23) . What can be observed in the present investigation is that a recombinant human lysozyme is capable of controlling the growth of a malignant tumour in vivo. The differences seen between the effects of HEL and rHLZ (in particular HLZ-PEG) on primary tumours and on metastasis are in favour of rHLZ-PEG, and can be simply ascribed to differences between these two molecules, which are about 60% homologous (24). Nevertheless, the supposed mechanism of action for the antitumour activity of rHLZ should be the same as that of HEL, in that there is no doubt regarding their loss of enzymatic activity after PEGylation. This fact should exclude the participation of microbial peptidoglycan fragments with immunomodulating properties from the anti-tumour effects of the drugs (14) . An understanding of the target of lysozymes and their PEGylated forms, which are responsible for a reduction in metastasic growth, could pave the way for the discovery of even more effective molecules for cancer treatment, which might be virtually free of side effects for the host.
